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Regulation of the mating pheromone and invasive growth
responses in yeast by two MAP kinase substrates
Kerry Tedford*†, Sammy Kim*†, Danne Sa*, Ken Stevens*†‡ and Mike Tyers*†
Background: In the budding yeast Saccharomyces cerevisiae, components of a
single mitogen-activated protein (MAP) kinase pathway transduce two distinct
signals, each of which activates an independent developmental programme:
peptide mating pheromones initiate the mating response, whereas nutrient
limitation initiates filamentous growth. One of the MAP kinases in this pathway,
Fus3, triggers mating but antagonizes filamentous growth, while the other, Kss1,
preferentially triggers filamentous growth. Both kinases activate the same
transcription factor, Ste12, which can stimulate gene expression specific to each
of the developmental programmes. The precise mechanism by which these MAP
kinases activate Ste12, however, is not clear.
Results: Two newly identified proteins, Rst1 and Rst2 (also known as Dig1 and
Dig2), were found to associate physically with Fus3 and Ste12. Rst1 and Rst2
were prominent substrates in kinase reactions of Fus3 immune complexes from
pheromone-treated cells. Association of Fus3 with Ste12 required Rst1 and Rst2,
and activation of Fus3 by pheromone caused release of Ste12 from the Fus3
complex. Although rst1 and rst2 single mutants had no obvious phenotype, both
filamentous growth and mating-specific gene expression were constitutive in rst1
rst2 double mutants. The phenotype of rst1 rst2 cells required Ste12 function, but
did not require the function of upstream kinases. Consistent with Rst1 and Rst2
having a role in Ste12 regulation, both proteins were localized to the nucleus.
Conclusions: Rst1 and Rst2 repress the mating and filamentous growth
responses of S. cerevisiae by directly inhibiting Ste12. Activation of Fus3 or
Kss1 may cause phosphorylation-dependent release of Ste12 from Rst1/Rst2
and thereby activate Ste12-dependent transcription.
Background
In all eukaryotes, extracellular signals often initiate cas-
cades of sequential phosphorylation events that culminate
in the activation of mitogen-activated protein (MAP)
kinases. MAP kinases are specifically phosphorylated and
activated by upstream kinases (MAP kinase kinases),
which themselves are activated by yet other kinases
(reviewed in [1]). All known MAP kinase pathways stimu-
late transcription factors that control patterns of gene
expression (reviewed in [2]). In mammalian cells, growth
factors cause activation of the MAP kinases p44Erk1 and
p42Erk2, while ultraviolet radiation and osmotic stress
cause activation of different MAP kinases, SAPK/JNK and
p38, respectively (reviewed in [3]). In yeast, particular
MAP kinases transmit signals for mating, nutrient limita-
tion, osmotic stress, cell wall biosynthesis and sporulation
(reviewed in [4]). Thus, in many situations, different
signals activate different MAP kinase pathways. However,
distinct signals acting on the same cell can also utilize the
same MAP kinase pathway to elicit different responses.
For example, in mouse neuronal PC12 cells, nerve growth
factor (NGF) and epidermal growth factor (EGF) both
activate p44Erk1/p42Erk2, yet NGF induces neuronal differ-
entiation whereas EGF causes proliferation. In this case,
the two outputs may be triggered by different durations of
the input growth factor signals [1]. A particularly intrigu-
ing example of this type of signal overlap is found in yeast,
where signal transduction through a common MAP kinase
pathway initiates either mating in response to pheromones
or filamentous growth in response to nutrient limitation. 
Peptide mating pheromones cause haploid cells of the
budding yeast Saccharomyces cerevisiae to arrest the mitotic
division cycle in G1 phase and express mating-specific
genes in preparation for conjugation with a cell of the
opposite mating type (reviewed in [5]). Cells of the mating
type a secrete the peptide pheromone a factor which stim-
ulates a cells, whereas cells of the mating type a secrete a
factor, which stimulates a cells. The pathway that trans-
duces the pheromone signal is understood in considerable
detail [4]. Upon binding of pheromones to seven-trans-
membrane receptors (Ste2 or Ste3), a heterotrimeric G
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protein dissociates into Ga (Gpa1) and Gbg (Ste4–Ste18)
subunits. Free Gbg complex activates upstream compo-
nents of the pathway, including the Rho-family GTPase
Cdc42 and the Ste20 protein kinase, which in turn activate
a MAP kinase module composed of Ste11 (a MAP kinase
kinase kinase), Ste7 (a MAP kinase kinase) and Fus3 or
Kss1 (the MAP kinases). Of the two MAP kinases, Fus3 is
the primary activator of the mating response, although this
function can also be carried out by Kss1 [6]. Two important
substrates of Fus3 are the Ste12 transcription factor, which
activates mating-specific gene expression [5], and Far1, a
cyclin dependent kinase inhibitor required for pheromone-
induced cell cycle arrest in G1 phase (reviewed in [7]).
The targets of Ste12 involved in the mating response
include many genes of the pheromone pathway itself,
genes required for conjugation, and FAR1 [5]. The mecha-
nism of Ste12-dependent transcriptional activation is cell-
type dependent (reviewed in [8]). Ste12 binds to the
pheromone response element (PRE) of target genes,
which is sufficient to confer pheromone-dependent tran-
scription, in promoters such as the FUS1 promoter. Ste12
also participates in cell-type specific gene expression; in
mating type a cells, Ste12 binds a-specific promoters at a
PRE in cooperation with Mcm1, which binds an adjacent
site, whereas in mating type a cells, Ste12 does not
contact DNA directly, but is recruited to a-specific pro-
moters by physical interaction with the a1 protein, which
resides in a complex with Mcm1. Ste12 may be activated
by pheromone-dependent phosphorylation, although
phosphorylation does not alter the DNA binding ability of
Ste12 [9]. It is probable that Fus3 mediates Ste12 phos-
phorylation in vivo because Ste12 is an endogenous sub-
strate in kinase reactions of Fus3 immune complexes [10].
In response to nutrient limitation, budding yeast cells
adopt an altered morphological growth pattern referred to
as filamentous growth (reviewed in [11]). Because of
subtle cell-type specific differences, in diploids the
response is specifically termed pseudohyphal growth
whereas in haploids the response is termed invasive
growth [12,13]. Nitrogen limitation causes diploid cells to
form pseudohyphal filaments that radiate away from the
central colony mass and penetrate the medium surface
[12]. Similarly, on rich medium, mature colonies of haploid
cells form short filaments that invade the medium’s
surface under the colony [13]. Several aspects of bud mor-
phogenesis and cell cycle control are altered in filamentous
growth: diploid cells switch from a bipolar to a unipolar
budding pattern [14] and haploid cells switch from an axial
to a bipolar budding pattern [13]; an elongated cell mor-
phology is generated by hyperpolarized cell growth [14];
and bud emergence is delayed until the G2/M cell cycle
transition [14]. These changes are presumably brought
about, at least in part, by an altered programme of gene
expression triggered by nutrient limitation.
The pathway that regulates filamentous growth is also
understood in some detail [11]. The environmental signal
that triggers filamentous growth derives in part from nitro-
gen limitation, surface contact, and possibly also low
humidity [12,15]. Activated forms of Ras2, the yeast
homologue of mammalian Ras, cause filamentous growth
[12], and this effect is blocked by dominant-negative
forms of Cdc42 [16]. Signal transmission requires an inter-
action between Cdc42 and Ste20 [17], and also depends
on the function of Ste11, Ste7 and Ste12 [13,18]. Thus,
several components of the canonical mating pheromone
pathway are required for filamentous growth. In haploids,
Kss1 is required for invasive growth [13], but in diploids
the presumptive MAP kinase downstream of Ste7 has yet
to be identified [18]. Mutations in many other genes,
including ELM1, CDC12, GRR1 and CDC55, cause consti-
tutive filamentous growth, although the placement of
these genes with respect to the above pathway is uncer-
tain [15,19]. Remarkably, in haploids, pheromone-respon-
sive genes are not expressed during invasive growth [13],
nor do mating pheromones activate filamentous growth
specific gene expression [16]. The specificity of signal
transmission through common components may arise in
part from combinatorial control of Ste12 specificity by dif-
ferent coactivators. For example, filamentous growth
requires Tec1, which may serve as a transcriptional cofac-
tor for Ste12 [16,20,21].
In this paper we describe the identification of two pro-
teins, referred to here as Rst1 and Rst2 (for regulator of
sterile twelve), that are required for repression of Ste12-
dependent gene expression in unstimulated cells.
Recently, Cook et al. [22] described the isolation of the
same two proteins, which they call Dig1 and Dig2, as
downregulators of the invasive growth response. We
provide evidence that suggests that Rst1 and Rst2 are
targets of Fus3 in the pheromone response. Phosphoryla-
tion of Rst1 and Rst2 may relieve inhibition of Ste12 and
thereby activate Ste12-dependent gene expression. 
Results
Isolation of the genes encoding Rst1 and Rst2
In order to identify proteins that interact with the yeast
G1 cyclins, Cln1 and Cln2, we used a yeast Gal4AD–cDNA
fusion library (kindly provided by S. Elledge) in a two-
hybrid screen with Gal4DB–Cln1 and Gal4DB–Cln2 fusion
proteins. Library clones that encoded two proteins, which
we refer to as Rst1 and Rst2, showed specific interactions
with Cln1 and Cln2 (see supplementary material for
further details of the two-hybrid screens). The deduced
Rst1 and Rst2 sequences were not similar to sequences of
other proteins in the databases, but were 27% identical to
each other (see supplementary material and [22]). The
only evident sequence motifs in Rst1 and Rst2 were a
potential nucleotide-binding P-loop in Rst1 [23], bipartite
nuclear localization signals in both proteins [24], and a
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number of minimal consensus Ser/Thr–Pro sites for MAP
kinase phosphorylation in both proteins [25]. 
Rst1 and Rst2 interact with components of the mating
pheromone pathway
In order to define possible functions for Rst1 and Rst2, we
carried out a second round of two-hybrid screens for pro-
teins that interact with Gal4DB–Rst1 and Gal4DB–Rst2. In
this set of screens, we isolated Fus3, Kss1 and Ste12 as
proteins that interacted with both Rst1 and Rst2 (see sup-
plementary material for details). These two-hybrid interac-
tions were recapitulated in binding experiments in vitro.
Fusion proteins of glutathione S-transferase (GST) and
either Rst1 or Rst2, but not GST alone, were able to
capture Fus3 and Ste12 from yeast lysates onto glutathione
beads (Fig. 1). In most experiments, two anti-Ste12 reac-
tive species were detected, of which the faster migrating
form is a specific Ste12 degradation product (I. Sadowski,
personal communication). Interactions between Rst1 or
Rst2 and Fus3 were also detected in co-immunoprecipita-
tion experiments (see below), as were interactions of both
proteins with Ste12 (data not shown). GST precipitation
experiments from lysates lacking either Fus3 or both Fus3
and Kss1 revealed that the interaction of Ste12 with
GST–Rst1 and GST–Rst2 did not depend on these MAP
kinases. Similarly, the interaction of Fus3 with GST–Rst1
and GST–Rst2 did not depend on Ste12. These observa-
tions are consistent with the direct binding of Dig1 (Rst1)
to Kss1 and Ste12 reported by Cook et al. [22].
Invasive growth is constitutive in rst1 rst2 cells
In order to elucidate the possible functions of Rst1 and
Rst2, we generated yeast strains deleted for RST1 and/or
RST2. Neither single mutant had any obvious defect, but
the rst1 rst2 double mutant had several striking pheno-
types (Fig. 2). Both in liquid medium (Fig. 2d) and at the
edges of colonies (Fig. 2h), rst1 rst2 cells formed loosely
connected filaments; at the ends of the filaments, daugh-
ter cells emerged synchronously from up to three genera-
tions of connected mother cells, consistent with a unipolar
budding pattern (for example, the prominent filament in
Fig. 2d). In liquid medium, rst1 rst2 cells grew in large
clumps, which caused the cultures to flocculate and
sediment rapidly (Fig. 2i). The filamentous projections
emanating from rst1 rst2 colonies suggested invasive
growth, which we confirmed using a plate washing assay
[13]. Patches of wild type and each of the single rst dele-
tion strains were easily washed off the surface of the agar
medium, whereas rst1 rst2 strains remained firmly
anchored to the agar (Fig. 2j). Patches of rst1 rst2 cells
were also unusual in that the patch surface was raised and
had a crusty texture. The rst1 rst2 phenotype was not spe-
cific to haploid cells, as homozygous diploid cells exhib-
ited similar morphological and invasive phenotypes (Fig.
2k). The invasive phenotype of dig1 dig2 (rst1 rst2) strains
has recently been described by Cook et al. [22].
The morphological phenotypes of rst1 rst2 cells suggest
that Rst1 and Rst2 perform a redundant function in
repressing invasive growth. Many laboratory haploid
strains are defective for invasive growth, including the
W303 strain background used in this study, and the S288C
strain background used by Cook et al. [22]. S288C strains
have acquired mutations in FLO8, which accounts for the
invasive growth defect [26]. W303 strains carry additional
mutations that prevent invasive growth even when FLO8
function is restored [26]. As the loss of Rst1/Rst2 function
bypasses these defects in W303 and S288C strains, Rst1
and Rst2 may act downstream of Flo8 in the invasive
growth pathway.
Constitutive expression of mating-specific genes in
rst1 rst2 cells
A possible connection between Rst1 and Rst2 and the
mating pheromone response was suggested by the inter-
actions we had observed between Rst1 and Rst2 and
downstream components of the pheromone pathway
(Fus3, Kss1 and Ste12). In addition, RST2 expression is
also induced by pheromone ([22] and data not shown). We
therefore examined rst mutant strains for defects in the
pheromone response and mating. The pheromone sensi-
tivity of rst deletion strains was determined by plating cells
on a range of concentrations of synthetic a factor. Neither
rst1 nor rst2 cells differed appreciably from wild-type cells
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Figure 1
Interaction of Fus3 and Ste12 with Rst1 and
Rst2. (a) Ste12 and Fus3 from yeast lysates
bind specifically to GST–Rst1 and GST–Rst2
fusion proteins. Lysates from strains of the
indicated genotype were incubated with
GST–Rst1, GST–Rst2 or GST, washed, and
bound proteins analyzed by immunoblotting
with anti-Ste12 and anti-Fus3 antibodies. (b)
Cell lysates (40 mg total protein) from the
strains used in (a) were probed with anti-
Ste12 and anti-Fus3 antibodies.
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with respect to the pheromone concentration that caused
growth arrest, and even rst1 rst2 double mutants were only
slightly pheromone-sensitive (Fig. 3a). Mating compe-
tence also did not require Rst1/Rst2 function as rst1 rst2
cells mated as well as wild-type cells in qualitative patch
mating assays (Fig. 3b). 
In order to determine if mating-specific gene expression
was altered in rst deletion strains, we examined the regula-
tion of FUS1, which is expressed at low levels in the
absence of pheromone but is induced 100-fold upon expo-
sure of cells to pheromone [27]. Single rst deletion strains
expressed wild-type levels of FUS1 mRNA in the absence
of pheromone, and showed wild-type kinetics of FUS1
induction upon the addition of pheromone (Fig. 3c). In
striking contrast, the rst1 rst2 strain exhibited strong dere-
pression of FUS1 in the absence of pheromone (Fig. 3c).
Pheromone treatment of rst1 rst2 cells caused a modest
induction of FUS1 to essentially maximal wild-type levels;
however, this induction was more transient than in wild-
type cells (Fig. 3c). Another pheromone-inducible gene,
FAR1, was similarly deregulated (data not shown). We
quantified the extent of FUS1 derepression in rst1 rst2
cells using a FUS1–lacZ reporter gene [27]. Quantitative
b-galactosidase assays revealed that rst1 rst2 cells constitu-
tively expressed the reporter construct approximately 50-
fold above basal levels (Fig. 3d). In contrast, rst single
deletion strains did not show any derepression of the
FUS1–lacZ reporter. 
Cook et al. [22] have suggested that Dig1 and Dig2 (Rst1
and Rst2) specifically downregulate the invasive growth
response and not the mating response. This conclusion
was based, however, only on the absence of overt mating
defects in dig1 dig2 cells, as the effect of the dig1 dig2
double mutation on mating-specific gene expression was
not examined. To control for potential strain background
effects, we also generated an rst1 rst2 strain in the S288C
background used by Cook et al. [22]. Consistent with our
results obtained in the W303 strain background, the
rst1 rst2 S288C strain exhibited strong derepression of the
FUS1–lacZ reporter construct (Fig. 3e). These observa-
tions demonstrate that Rst1 and Rst2 are functionally
redundant negative regulators of both mating-specific
gene expression and invasive growth in at least two differ-
ent laboratory strain backgrounds. 
Association of Ste12 with Fus3 depends on Rst1 and Rst2
We determined if physiological amounts of Rst1, Rst2,
Ste12 and Fus3 present in yeast lysates could interact in
co-immunoprecipitation experiments. In order to effi-
ciently immunoprecipitate Fus3, we used a version of
Fus3 tagged at the carboxyl terminus with a single Myc
epitope and expressed from the constitutive TPI1 pro-
moter; Fus3Myc expressed from this plasmid is produced at
approximately the same levels as endogenous Fus3 [28].
As shown previously by Elion et al. [10], Ste12 is detected
in Fus3 immune complexes from wild-type cells (Fig. 4a).
We found that the interaction of Fus3 with Ste12 was
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Figure 2
Phenotypes of rst strains. The morphological
characteristics of (a–d) cells and (e–h)
colonies were investigated. Wild type, rst1,
rst2 and rst1 rst2 cells were imaged under
differential-interference contrast microscopy
at 1000× magnification. Colonies were
imaged under brightfield microscopy at 100×
magnification. (i) Flocculence in liquid medium
was assessed by vortexing logarithmic phase
cultures of the strains shown in (a) and
allowing them to settle for 5 min. (j,k) To
assess invasive growth on solid medium,
strains of the indicated genotype were
patched onto rich media for 2 days and
photographed before and after rinsing under a
stream of water.
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highly dependent on Rst1/Rst2 function, as Ste12 was not
detected in Fus3 immunoprecipitates from rst1 and rst2
single deletion strains (Fig. 4a). We also observed that the
Fus3–Ste12 association was substantially diminished upon
pheromone treatment (Fig. 4a). The extent of Ste12 disso-
ciation caused by pheromone was somewhat variable,
perhaps reflecting slight differences in the duration of
pheromone treatment between different experiments. Co-
immunoprecipitation of Ste12 with Rst1 was also abro-
gated by pheromone treatment (data not shown).
As expected from the GST precipitation experiments
described above, we were able to detect both Rst1 and
Rst2 in Fus3 immune complexes (Fig. 4a). The association
of Rst1 and Rst2 with Fus3 was not appreciably affected by
pheromone. Rst1 isolated from pheromone-treated cells
had a substantially reduced electrophoretic mobility, and
Rst2 also showed a slight reduction in mobility (Fig. 4a,b).
The altered mobility of Rst1 and Rst2 was due to phospho-
rylation, as treatment of Fus3 immunoprecipitates with
phosphatase collapsed all the immunoreactive species to
the fastest migrating forms (Fig. 4b).
Rst1 and Rst2 are prominent substrates in kinase reactions
of Fus3 immune complexes
Because Rst1 and Rst2 associate with Fus3, we sought to
determine if Rst1 or Rst2 could be phosphorylated during
Fus3 immune-complex kinase reactions. The phosphory-
lation profiles of such reactions are intricate because many
endogenous substrates associate with Fus3 [10]. In our
kinase assays, two major co-immunoprecipitated species
were phosphorylated in Fus3 immune complexes pre-
pared from pheromone-treated cultures (Fig. 5a). For con-
sistency with previous reports, we refer to the major
phosphoprotein species migrating at 65–80 kDa as p65
and the major species migrating at 45–50 kDa as p45 [10].
In addition, several other proteins were phosphorylated to
a lesser extent, including a species of approximately
42 kDa that may represent autophosphorylated Fus3 [29].
We compared the profile of phosphorylated proteins in
kinase reactions of Fus3 immune complexes from wild-
type strains with those from rst1 and rst2 single deletion
strains. Phosphorylation of p65 and p45 was greatly
reduced in kinase reactions of immune complexes pre-
pared from rst1 and rst2 cells, respectively, and p65 and
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Figure 3
Mating responses of rst strains. (a) The
pheromone sensitivity of strains was assayed
by spotting cells of the indicated genotype on
medium containing the indicated
concentrations of synthetic a factor and
incubating at 30°C for 2 days. The far1 strain
was used as a positive control to demonstrate
growth at the highest concentration of
pheromone. (b) The mating competence of
cells of the indicated genotype was assayed
by replica plating patches onto a lawn of a
tester cells, allowing mating for 4 h at 30°C,
and replica plating cells onto selective media.
The mating type of the patched strains is
indicated on the right. (c) The expression of
FUS1 mRNA was assayed in strains of the
indicated genotype treated with 5 mM a factor
for the indicated times. Total RNA from the
samples was separated and probed for FUS1.
A parallel blot was probed for ACT1 to
demonstrate equal loading. (d) The activity of
a FUS1–lacZ reporter construct was assayed
in strains of the indicated genotype bearing a
FUS1–lacZ plasmid grown for 2 h in the
presence (+) or absence (–) of 5 mM a factor.
The b-galactosidase activity in cell extracts
was determined in Miller units [27]; results are
the mean ± SEM of four independent
determinations. (e) As for (d), but wild type
and rst1 rst2 strains were derived from the
S228C laboratory strain background.
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p45 comigrated with the species detected on immunoblots
by anti-Rst1 and anti-Rst2 antibodies, respectively (Fig.
5a). Thus, the p65 and p45 substrates in Fus3 immune-
complex kinase reactions are probably Rst1 and Rst2.
We corroborated the identity of p65 and p45 by re-
immunoprecipitation of denatured Fus3 immune-complex
kinase reactions with antisera specific for Rst1 and Rst2
(Fig. 5c). As a control, Ste12 was also re-immunoprecipi-
tated with a specific antiserum; Ste12 has previously been
identified as an associated substrate of Fus3 in vitro [10].
As expected on the basis of the Fus3–Ste12 coprecip-
itation results described above, phosphorylated Ste12 was
detected in kinase reactions of immune complexes from
only wild-type and not rst1 or rst2 strains. Re-immunopre-
cipitation with anti-Rst1 serum specifically precipitated
p65 from kinase reactions of immune complexes from only
wild-type and rst2, but not rst1, cells. Similarly, anti-Rst2
serum re-precipitated p45 from kinase reactions of
immune complexes from wild-type and rst1 cells and not
from rst2 cells. 
To demonstrate that phosphorylation of Rst1 and Rst2 in
Fus3 immune complexes depended on Fus3 and not some
other kinase in the complex (such as Ste11 or Ste7, for
example), kinase reactions were also performed with a
catalytically inactive form of Fus3. Fus3K42R contains a
lysine to arginine substitution at residue 42; this mutation
did not affect the co-immunoprecipitation of Rst1, Rst2
and Ste12 with Fus3 (data not shown). Rst1 and Rst2
phosphorylation was undetectable in Fus3K42R immune-
complex kinase reactions, suggesting that Fus3 is indeed
the kinase responsible for this phosphorylation (Fig. 5d). 
To examine whether Rst1 and Rst2 have any role in regu-
lating Fus3 catalytic activity, we assayed Fus3 immune
complexes isolated from rst1 rst2 cells. Although total
Fus3 kinase activity towards an amino-terminal Far1 frag-
ment was unaffected in rst1 or rst2 single deletion strains
(Fig. 5a), in rst1 rst2 cells Fus3 kinase activity was consid-
erably diminished (Fig. 5d). In part, this may have been
due to reduced amounts of Fus3 protein in rst1 rst2 cells
(Fig. 5e), but it appears that Rst1 and Rst2 may also be
required for maximal Fus3 activity.
Effects of RST1 and RST2 overexpression
The above experiments suggested that Rst1 and Rst2 may
act as negative regulators of Ste12-dependent gene
expression. To test this hypothesis, we determined the
effect of overexpressing RST1 and RST2 from the galac-
tose-dependent GAL10 promoter on pheromone sensitiv-
ity. Immunoblot analysis of strains expressing either
pGAL10–RST1 or pGAL10–RST2 showed that the abun-
dance of Rst1 or Rst2 was elevated at least 10-fold com-
pared with wild-type levels (data not shown). As reported
by Cook et al. [22], we found that expression of
pGAL10–RST1 conferred a high degree of resistance to
mating pheromone (Fig. 6a). In contrast, we found that
cells expressing pGAL10–RST2 were able to grow in the
presence of high levels of pheromone only after prolonged
incubation (data not shown).
We sought further evidence that Rst1 and Rst2 interact
with Ste12 in vivo by exploiting the observation that
overexpression of STE12 from the galactose-dependent
GAL1 promoter causes inviability [30]. As expected,
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Figure 4
Rst1 and Rst2 are required for association of Ste12 with Fus3. (a)
Ste12 association with Fus3 depends on Rst1 and Rst2. Lysates of
cells of the indicated genotype carrying a TPI1–FUS3Myc plasmid [28]
grown in the absence (–) or presence (+) of 5 mM a factor for 30 min
were immunoprecipitated with 9E10 anti-Myc antibody. As a control, a
wild-type strain lacking the TPI1–FUS3Myc plasmid was treated in an
identical fashion (labelled ‘no tag’). Immunoprecipitates (labelled ‘Fus3
IP’) and 40 mg of input cell lysates (labelled ‘lysate’) were
immunoblotted and sequentially probed with anti-Ste12, anti-Rst1,
anti-Rst2 and 9E10 anti-Myc antibodies. Non-specific immunoreactivity
of anti-Rst1 and anti-Rst2 sera is indicated by an asterisk. (b)
Phosphorylation of Rst1 and Rst2 accounts for an electrophoretic
mobility shift. Fus3Myc immunoprecipitates from wild type cells were
incubated with phosphatase buffer alone (labelled ‘mock’), 20 U
alkaline phosphatase (labelled ‘P’ase’) or alkaline phosphatase plus
phosphatase inhibitors (labelled ‘P’ase + inh’). Precipitates were then
immunoblotted and probed with anti-Rst1 and anti-Rst2 antibodies. 
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pGAL1–STE12 plasmid expression prevented colony for-
mation on galactose medium (Fig. 6b). However, co-over-
expression of either RST1 or RST2 with STE12 restored
cell viability. Consistent with their effects on pheromone
resistance, pGAL10–RST1 expression suppressed the
pGAL1–STE12-induced lethality somewhat more effi-
ciently than pGAL10–RST2 expression. These results
suggest that Rst1 and Rst2 antagonize Ste12 in vivo. 
Mutations in STE12, but not STE7, are epistatic to rst1 rst2
An important prediction of the hypothesis that Rst1 and
Rst2 antagonize Ste12 in vivo is that the rst1 rst2 phenotype
should depend on Ste12 function. To test this prediction,
we generated an rst1 rst2 ste12 triple deletion mutant. The
deletion of STE12 was epistatic to rst1 rst2 as the rst1 rst2
ste12 strain displayed a wild-type, non-invasive phenotype
(Fig. 6c). In addition, FUS1–lacZ was not derepressed in
rst1 rst2 ste12 cells (data not shown). Therefore, it is likely
that Ste12 is a downstream target of Rst1 and Rst2. In con-
trast, the rst1 rst2 invasive phenotype was not suppressed
by deletion of STE7 (Fig. 6c). Thus, Ste7, and presumably
the downstream MAP kinases Fus3 and Kss1, are appar-
ently not required for deregulated Ste12-dependent gene
activation in rst1 rst2 cells. 
Gal4AD–Rst fusion proteins confer the rst1 rst2 phenotype
The DNA-binding properties of Ste12 in crude lysates are
not altered by pheromone treatment, despite the fact that
Ste12 is phosphorylated in response to pheromone [9]. The
association of other regulatory factors with the Ste12–DNA
complex may therefore be modulated by pheromone.
Because Rst1/Rst2 repress Ste12 function, we reasoned that
Rst1/Rst2 may be constitutively bound to Ste12 on DNA in
unstimulated cells. If this were the case, then fusion of a
potent activation domain (such as Gal4AD) to Rst1 or Rst2
might convert these repressors into activators. Indeed, the
expression of either Gal4AD–Rst1 or Gal4AD–Rst2 fusion
proteins caused constitutive invasive growth in wild-type
cells (Fig. 6d). FUS1–lacZ expression was also strongly acti-
vated by the Gal4AD fusions (data not shown). As expected,
the invasive phenotype caused by the Gal4AD fusions
depended on Ste12 function but not on Ste7 or Fus3/Kss1
function (Fig. 6d). The simplest explanation for these find-
ings is that Rst1 and Rst2 directly inhibit Ste12 activity by
binding to Ste12 in unstimulated cells.
Rst1 and Rst2 localize to the nucleus
Because Ste12 is constitutively localized to the nucleus
(W. Hung and I. Sadowski, personal communication), we
sought to determine the cellular localization of Rst1 and
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Figure 5
Rst1 and Rst2 are predominant substrates in Fus3 immune-complex
kinase reactions. (a) In order to determine if Rst1 and Rst2 could be
phosphorylated in Fus3 immune-complex kinase reactions, one half of
the washed immunoprecipitates shown in Figure 4a were incubated
with g-[32P]ATP and an exogenously added amino-terminal fragment of
Far1 (Far1N-ter). Reaction products were separated by SDS–PAGE and
visualized by autoradiography. The positions of protein standards are
indicated (in kDa). (b) Equal immunoprecipitation of Fus3Myc in the
appropriate lanes was confirmed by Coomassie Blue stain of the kinase
gel. (c) The presence of phosphorylated Rst1, Rst2 and Ste12 proteins
in the kinase reactions was demonstrated by re-immunoprecipitation of
denatured kinase reactions with either anti-Rst1, anti-Rst2 or anti-Ste12
antibodies. Autoradiograms of each of these gels were completely
devoid of signals other than those shown. (d) Phosphorylation of Rst1
and Rst2 in Fus3 immune-complex kinase reactions depends on Fus3
catalytic activity. Lysates from wild type (lanes 1–6) and rst1 rst2 (lanes
7–10) strains containing either a TPI1–FUS3Myc plasmid (lanes
5,6,9,10) or a TPI1–FUS3K42R Myc plasmid (lanes 3,4,7,8), or no
plasmid (lanes 1,2) and grown in the absence (–) or presence (+) of
5 mM a factor for 30 min were immunoprecipitated with 9E10 anti-Myc
antibodies and kinase reactions performed as in (a). (e) One half of
each immunoprecipitation from (d) was immunoblotted and probed with
9E10 antibodies.
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Rst2 by indirect immunofluorescence with affinity-puri-
fied anti-Rst1 and anti-Rst2 antibodies. Rst1 immunoflu-
orescence was easily detected at wild-type levels, and was
co-localized with nuclear DNA fluorescence (Fig. 7a). In
comparison, Rst2 immunofluorescence was much weaker
and barely detectable in wild-type cells. However, over-
expression of Rst2 yielded strong nuclear fluorescence
(Fig. 7b). The nuclear fluorescence signals appeared to
be specific for Rst1 and Rst2, as rst1 and rst2 cells showed
only background levels of staining. Neither Rst1 nor Rst2
localization was affected by pheromone treatment (data
not shown). Thus both Rst1 and Rst2 are constitutively
localized to the nucleus, as is their likely physiological
target, Ste12. 
Discussion
Rst1 and Rst2 are redundant inhibitors of Ste12
Because rst1 rst2 strains exhibit constitutive mating-specific
gene expression and invasive growth, Rst1 and Rst2 are for-
mally repressors of these two programmes of gene expres-
sion. Derepression of mating-specific genes occurs in a
number of mutants defective in general transcriptional
repression, such as tup1, ssn6, mot2, cdc36 and cdc39 (see, for
example, [31,32]). Rst1 and Rst2 cannot be general repres-
sors of transcription, however, as all phenotypes of rst1 rst2
mutants are reverted by mutation of STE12. The following
observations suggest that Rst1 and Rst2 directly inhibit the
transcriptional activity of Ste12. First, Rst1 and Rst2 bind to
Ste12 in yeast lysates. Indeed, Cook et al. [22] have demon-
strated that Dig1 (Rst1) binds directly to Ste12 and Kss1 in
the absence of any other yeast proteins. Second, mutations
in STE12, but not STE7, are epistatic to the rst1 rst2 double
mutation. Third, Gal4AD–Rst1 and Gal4AD–Rst2 fusion
proteins are potent activators of Ste12-dependent gene
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Figure 7
Nuclear localization of Rst1 and Rst2. (a) Rst1 was localized by
staining rst1 and wild-type cells with anti-Rst1 antibodies and
visualizing them by indirect immunofluorescence at 1000×
magnification (panels labelled ‘a-Rst1’). The same field of cells was
imaged by differential-interference contrast (DIC) microscopy and by
direct fluorescence of nuclear DNA stained with 4’6’-diamidino-2’-
phenylindole (DAPI). (b) Rst2 was localized by staining rst2 cells, wild-
type cells, and wild-type cells harbouring a pGAL10–RST2 plasmid
with anti-Rst2 antibodies and visualizing them as in (a). Cells
containing pGAL10–RST2 were grown on raffinose to early log phase,
induced with galactose for 2 h and harvested.
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Figure 6
Genetic interactions of RST1 and RST2 with the mating pheromone
and invasive growth pathways. (a) To determine the effect of RST1
and RST2 overexpression on mating pheromone sensitivity, wild-type
strains harbouring the indicated plasmids were spotted on either
glucose or galactose medium containing the indicated concentrations
of a factor and photographed after 2 days growth at 30°C. A far1
strain was used as a positive control to demonstrate growth at the
highest concentrations of pheromone. (b) Overexpression of RST1 or
RST2 rescues inviability caused by overexpression of STE12. Wild-
type strains containing the indicated plasmids were inoculated onto
either glucose or galactose medium and photographed after 2 days
growth at 30°C. (c) Deletion of STE12, but not STE7, prevents
invasive growth of an rst1 rst2 strain. Wild type, ste7, ste12, rst1 rst2,
rst1 rst2 ste12, and rst1 rst2 ste7 strains were patched onto rich
medium, grown at 30°C for 2 days and then photographed before and
after rinsing under a stream of water. (d) Gal4AD–Rst1 and
Gal4AD–Rst2 fusion proteins cause constitutive invasive growth. Cells
of the indicated genotype harbouring either empty pACTII (labelled
‘vector’), ADH1–GAL4AD–RST1 or ADH1–GAL4AD–RST2 plasmids
were patched onto rich medium and analyzed as in (c).
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expression, probably because Rst1 and Rst2 are recruited to
transcriptional control elements by Ste12. Fourth, Rst1 and
Rst2 are localized to the nucleus, as would be expected for
transcriptional regulators. Fifth, overexpression of RST1 or
RST2 suppresses the inviability caused by STE12 overex-
pression, and overexpression of RST1 causes pheromone
resistance. Cook et al. [22] have also shown that overexpres-
sion of DIG1 (RST1) blocks invasive growth. On the basis of
these data, we position Rst1 and Rst2 between the MAP
kinases and Ste12 in the mating pheromone and invasive
growth pathway (Fig. 8a).
Activation of Ste12 by the MAP kinase pathway
Ste12 functions to activate cell-type specific and
pheromone-inducible gene expression by acting in concert
with other transcriptional coactivators [8]. As yet, it is
unknown whether the various Ste12 complexes are consti-
tutively bound to DNA, but this seems likely given that
Ste12–DNA complexes are not altered by pheromone
treatment [9]. Our observation that Gal4AD–Rst1 and
Gal4AD–Rst2 fusions constitutively activate Ste12-depen-
dent transcription is consistent with this hypothesis. It has
been proposed that Ste12 phosphorylation in response to
pheromone causes activation of transcription [9]. The
identification of Rst1 and Rst2 as inhibitors of Ste12 and
as substrates of Fus3 allows a refinement of this model
(Fig. 8b). In unstimulated cells, Rst1 and Rst2 inhibit
transcription by binding to Ste12–cofactor complexes on
the promoters of Ste12-dependent genes. Because Rst1
and Rst2 bind to both Ste12 and the MAP kinases, they
may help localize the kinases to Ste12 complexes on
DNA. Upon pheromone stimulation and MAP kinase acti-
vation, Fus3/Kss1 phosphorylate Ste12, Rst1 and Rst2,
which causes dissociation of the Rst1/Rst2–MAP kinase
complexes from Ste12, thereby liberating Ste12 to interact
with the transcription machinery. A similar set of events
may occur upon transmission of the signal for invasive
growth, which requires transcriptional activation by Ste12,
probably in conjunction with Tec1 [16,20,21].
One prediction of this scheme is that, in the absence of
Rst1 and Rst2, Ste12 should be free to activate transcrip-
tion, independently of MAP kinase activity. Indeed, we
observed that Ste7 (and, therefore, presumably also Fus3
and Kss1) is dispensable for the rst1 rst2 phenotype. Thus,
Ste12 phosphorylation in itself may not be essential for
transcriptional activation. As pheromone modestly induces
FUS1 transcription in rst1 rst2 strains, however, phospho-
rylation of Ste12 may also contribute directly to Ste12 acti-
vation. Phosphorylation-site mutants of Ste12, Rst1 and
Rst2 will be required to provide a stringent test of these
possibilities.
The mechanism whereby Rst1 and Rst2 inhibit Ste12
transactivation is open to speculation. Rst1/Rst2 may
simply interfere sterically with essential contacts either
between Ste12 and the basal transcription machinery, or
between Ste12 and its various cofactors. Alternatively,
Rst1/Rst2 may induce allosteric changes in Ste12 that
prevent critical protein–protein interactions. In one sense,
Rst1/Rst2 may function in an analogous manner to Gal80,
which binds to and inhibits the Gal4 transcription factor
[33]. With respect to MAP kinase regulated transcription,
the mechanism of Rst1/Rst2 inactivation also has parallels
with the regulation of Yan, a transcriptional repressor in
the Sevenless signalling pathway which controls
Drosophila eye development. Yan is probably inactivated
by MAP kinase dependent phosphorylation, as overex-
pression of a multiple phosphorylation site mutant of Yan
inhibits neuronal development [34]. The model depicted
in Figure 8b predicts that the analogous Rst1 and Rst2
phosphorylation-site mutants might interfere with the
mating pheromone and filamentous growth responses. 
Figure 8
Rst1 and Rst2 are components of the mating pheromone and invasive
growth response pathways. (a) Placement of Rst1 and Rst2 in the
pheromone and invasive growth signal transduction pathway.
Components of the pathway required for both responses are shown in
red. For simplicity, neither the scaffold protein Ste5 nor the various
branches of the pathway that emanate from Cdc42 (see [17] for details)
are shown. Adapted from [16] and [17]. (b) Model for Rst1 and Rst2
inhibition of Ste12-dependent transcription. Rst1/Rst2 bind to Ste12 in
unstimulated cells and may also tether the MAP kinases Fus3 and Kss1
to Ste12. The Rst1/Rst2–Ste12 complex is not competent for
transcriptional activation. Upon stimulation by either mating pheromone
or nutrient limitation, Fus3/Kss1 are activated and phosphorylate Ste12,
Rst1 and Rst2. The Ste12–Rst1/Rst2–MAP kinase complex dissociates,
liberating Ste12 to activate transcription of genes that contain
pheromone response elements (PRE) or filamentous growth response
elements (FRE, see [16,21]). For simplicity, the various cofactors that
interact with Ste12 (Mcm1 in a cells; a1–Mcm1 in a cells [8]; Tec1
during filamentous growth [21]) are shown as a single entity labelled
cofactors. Rst1/Rst2 may modulate Ste12–cofactor interactions, or may
hinder interaction of Ste12 with the basal transcription machinery.
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Specificity of MAP kinase signalling
The mating pheromone and invasive growth responses are
both constitutively activate in rst1 rst2 double mutants. In
addition, the individual rst1 and rst2 mutants have only
subtle phenotypes that do not suggest preferential activa-
tion of either response. It therefore seems unlikely that
Rst1 and Rst2 themselves confer signalling specificity on
the MAP kinase pathway. Despite this, Rst1 and Rst2 may
be targets for specific regulators of each response that acti-
vate different programmes of Ste12-dependent gene
expression. By analogy to mammalian MAP kinase sig-
nalling pathways [1], Rst1 and Rst2 may also function in
sensing signal duration as a means of signal discrimination. 
Conclusions
Rst1 and Rst2 are repressors of the mating pheromone and
invasive growth responses. Rst1 and Rst2 associate with
both Fus3 and Ste12 in yeast lysates, and are prominent
substrates in Fus3 immune-complex kinase reactions. On
the basis of the requirement of Rst1 and Rst2 for the
Ste12–Fus3 interaction, and the pheromone induced
release of Ste12 from Fus3 complexes, we suggest that the
Rst1/Rst2–Ste12 interaction is disrupted by Fus3/Kss1-
dependent phosphorylation events. Once liberated from
Rst1 and Rst2, Ste12 is able to activate pheromone and fil-
amentous growth response genes. Consistent with this
model, Rst1 and Rst2 are able to antagonize Ste12 func-
tion in vivo. In wild-type cells, there is no cross-talk
between the mating pheromone and invasive growth
responses, but in rst1 rst2 cells signal discrimination is lost,
suggesting that Rst1 and Rst2 may be targets for signals
that activate specific programmes of Ste12-dependent
gene expression.
Materials and methods
Plasmids and RNA analysis
Plasmids were constructed using standard molecular cloning tech-
niques [35]. RST1 and RST2 cDNAs used for cloning steps were iso-
lated from Gal4AD–Rst1/Rst2 cDNA library clones (pMT1451 and
pMT1452) on Bgl II fragments (nucleotides 108 to 1363 for RST1 and
nucleotides –7 to 1134 for RST2). These cDNAs were cloned into the
BamHI site of pAS2 [36], and used as baits in the two-hybrid screens
from which Kss1, Fus3 and Ste12 were isolated (see supplementary
material for details of the various two-hybrid screens). The deletion cas-
settes rst1::TRP1 (pMT610) and rst1::URA3 (pMT651) were based on
a 2.5 kilobase pair (kbp) HindIII genomic fragment of RST1 cloned in
pBSK and were constructed by replacing a 1.6 kbp StyI–StyI fragment
encompassing the entire RST1 reading frame with 0.8 kbp TRP1 or
1.5 kbp URA3 fragments. The deletion cassettes rst2::HIS3 (pMT561)
and rst2::LEU2 (pMT653) were based on the above RST2 cDNA frag-
ment cloned in pUC118 and were constructed by replacing a 0.7 kbp
EcoRV–NruI internal fragment of RST2 with 1.8 kbp HIS3 or 2.0 kbp
LEU2 fragments. Rst1 and Rst2 expression plasmids were based on
the RST1 and RST2 cDNA Bgl II fragments described above, which
were cloned into the BamHI site of pGEX–3X or the BamHI site of a
pGAL10–LEU2 2 mm plasmid (BA119) to create pGEX–3X–RST1
(pMT580), pGEX–3X–RST2 (pMT581), pGAL10–RST1 (pMT558)
and pGAL10–RST2 (pMT557). For overexpression of Ste12, the
PGAL–STE12 plasmid was used [30]. Northern blots were prepared as
described previously [37] and probed with either an internal 1.7 kbp
fragment of FUS1 or a 0.6 kbp internal fragment of ACT1.
Yeast strains and culture
The yeast strains used in this study are listed in Table S2 of supplemen-
tary material. With the exception of the S228C-derived strains shown in
Figure 3e, all strains were generated using the W303 background. Stan-
dard methods were used for yeast culture and transformation [38].
Assays for pheromone sensitivity were carried out as described [39].
Invasive growth was assessed by the ability of patches of yeast on solid
medium to withstand rinsing under a gentle stream of tap water for 1 min
[13]. The b-galactosidase activity in cell extracts from strains transformed
with a FUS1–lacZ–URA3 reporter plasmid was determined in Miller units
as described [27]. The coding regions of RST1 and RST2 were deleted
by single step gene replacement with PvuII fragments from pMT561,
pMT610, and pMT651. STE7 was deleted with a ste7::LEU2 fragment
from pNC113 [40]. STE12 was deleted with plasmid pUNK (provided by
I. Sadowski). All gene deletions were confirmed by Southern analysis.
Strains deleted for FAR1, KSS1 and FUS3 have been described previ-
ously [38]. Strains deleted for both RST1 and RST2 were made by
crossing single rst1 and rst2 deletion strains and recovering haploid
progeny deleted for both genes. The ste12 rst1 rst2 triple deletion strain
was generated by rescuing the sterility of a ste12 deletion strain with a
STE12–URA3–CEN plasmid (provided by I. Sadowski), mating it to an
rst1 rst2 strain and recovering haploid progeny deleted for all three
genes. The ste7 rst1 rst2 triple deletion strain was constructed in a
similar fashion by rescuing the sterility of a ste7 deletion strain with a
STE7–TRP1–CEN plasmid (provided by C. Boone).
Protein and immunological methods
Immunoblots were processed and immunoreactive species detected
by ECL as described [37]. Antisera to GST–Rst1 and GST–Rst2
fusion proteins were raised in rabbits and used at a dilution of 1:200
and 1:1000, respectively. Anti-Ste12 and anti-Fus3 rabbit sera (pro-
vided by I. Sadowski) were used at a dilution of 1:10 000. The anti-Myc
9E10 monoclonal antibody was produced as ascites fluid and used at
a dilution of 1:10 000. HRP-conjugated anti-mouse F(Ab)2 or anti-
rabbit F(Ab)2 secondary antibodies (Amersham) were used at a dilution
of 1:10 000.
Preparation of yeast lysates, immunoprecipitations, kinase assays and
dephosphorylation reactions were carried out essentially as described
previously [37,41]. For GST precipitation experiments, 0.5mg of GST
fusion protein was pre-adsorbed to glutathione–sepharose resin and
incubated with 1 mg yeast lysate (at a total protein concentration of
approximately 50 mg ml–1) for 1 h with rocking at 4°C. The GST resin
was washed 4 times with lysis buffer, boiled in SDS–PAGE sample
buffer and processed for immunoblot analysis. For isolation of Fus3Myc
complexes, lysate was prepared from strains harbouring either
TPI1–FUSMyc (GA1903) or TPI1–FUS3K42R Myc (GA1905) plasmids
[28]. Lysates containing 2 mg total protein were incubated with 0.3ml
9E10 ascites fluid for 1 h, adsorbed to 10 ml protein-A-sepharose beads
for 1 h and washed 4 times with lysis buffer. Half of the resin was
processed for immunoblots, and the other half was washed 2 times with
kinase reaction buffer. Kinase reactions were initiated by addition of 5ml
of reaction cocktail (1× reaction buffer, 10 mM ATP, 10 mCi g-[32P]ATP)
to precipitates. In all assays, 0.1 mg of amino-terminal Far1 fragment
was added to kinase reactions as an exogenous substrate to allow esti-
mation of total kinase activity [42]. Reactions were incubated at 30°C
for 10 min, terminated by addition of 10 ml SDS–PAGE sample buffer,
resolved by SDS–PAGE and exposed to X-ray film for 1–2 h. Re-
immunoprecipitation of denatured kinase reactions was carried out as
described previously [38], except that re-immunoprecipitation buffer
contained 50 mg ml–1 BSA only in the initial binding reaction.
Digital images were recorded from a Leica DMLB fluorescence micro-
scope equipped with differential-interference optics on a Northern
Exposure Image Analysis System (Empix Imaging, Canada). Indirect
immunofluorescence was carried out essentially as described [43]
using a 1:200 dilution of affinity purified anti-Rst1 and anti-Rst2 anti-
bodies followed by a 1:200 dilution of secondary anti-rabbit IgG–Cy3
conjugate (Sigma).
Research Paper  Rst1 and Rst2 inhibit Ste12 Tedford et al. 237
Supplementary material available
Details of the two-hybrid screens, a figure showing the sequence align-
ment of Rst1 and Rst2, and a table showing the yeast strains used in
this study are published with this paper on the internet.
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